Many grassland species coevolved with large herbivores and require habitats along the entire structural gradient created by grazing. Widespread declines of grassland birds, however, have prompted concerns about rangeland management. Conceptually, rest-rotation grazing functions as a conservation strategy to mimic historic disturbance regimes and create pasture-level heterogeneity in the absence of fire, but its utility for improving wildlife habitat has not been directly tested, particularly in the mesic mixed-grass prairie. We evaluated rest-rotation grazing as a conservation management technique compared with more traditional grazing systems, including summer rotation and season-long grazing, and assessed effects of different grazing systems and stocking rates on nest site selection and nest survival of sharptailed grouse (Tympanuchus phasianellus), an indicator species for grassland ecosystems. Both nest site selection and nest survival were directly related to vertical nesting cover, which was only weakly related to grazing management variables, including grazing system and stocking rate, at moderate stocking rates ( 2 animal unit month [AUM] ha À 1 ). Cattle presence during the nesting period had a positive effect on daily nest survival, potentially through an effect by either the cows or rancher presence on predator behavior. Overall, our results suggest that rest-rotation grazing did not contribute to pasture-level vegetation heterogeneity and that both the selective foraging of cattle and inherent topographic and edaphic variability in our study area may be stronger drivers of heterogeneity at the small spatial scale required by female grouse.
Introduction
Grasslands are a globally important ecosystem, covering an estimated 25e40% of the terrestrial planet and providing critical habitat for a variety of plants and animals (White et al., 2000; Boval and Dixon, 2012; Blair et al., 2014) . Despite their array of benefits, temperate grasslands are one of the ecosystems most altered by human activity and suffering from the greatest levels of habitat loss and degradation (Hoekstra et al., 2005; MEA, 2005) . Mixed-grass prairies, in particular, have lost most of their original land, with only an estimated 25e30% of historic prairie intact (Johnson and Bouzaher, 1995; Askins et al., 2007) . Losses of grassland habitat can have serious repercussions, including the decline and extirpation of populations, changes in ecosystem function, and the deterioration of ecosystem services (Ceballos et al., 2010) . Grassland birds, for example, have experienced more significant and widespread declines in the past decades than any other guild of birds in North America (Knopf, 1994) .
Livestock grazing is the most widespread land management practice in the world, occurring on 70% of the land in western North America alone (Fleischner, 1994; Krausman et al., 2009; Alkemade et al., 2013) and can directly affect ecosystem composition, function, structure, and productivity (Fleischner, 1994; Boyd et al., 2014) . Range management often takes the form of season-long grazing, in which a single pasture is grazed for the entire growing season (Jefferies, 1970) . Although there are advantages to seasonlong grazing, it can be difficult to prevent overgrazing in some years and preferred grasses are repeatedly subjected to grazing during the same season, making it difficult to maintain key forage species (Jefferies, 1970) . Declines in range condition under season-long grazing and widespread variation in the grazing-rangeland relationship related to differences in climate, vegetation, and soil type have led to the development of specialized grazing systems, including the Hormay rest-rotation system (Hormay and Evanko, 1958) . This system is based on the concepts that repeated grazing during consecutive growing seasons will lead to a reduction of plant vigor over many years and that simply managing stocking rates will not result in proper grazing due to selective grazing by herbivores. Repeated grazing can decrease both the abundance of specific plant species and overall range productivity (Hormay and Evanko, 1958; Hormay, 1970) . Rest-rotation systems incorporate the movement of livestock between pastures to avoid grazing individual range units at the same time each year and include a rest period to allow for the regrowth of vegetation (Jefferies, 1970) . Although rest-rotation grazing was developed to improve range condition, it could conceptually be beneficial for wildlife conservation on the basis of its potential to provide pasture-level heterogeneity on the landscape (Frisina, 1991) . However, its utility for improving habitat for wildlife in the mixed-grass prairie has rarely been directly evaluated and results relating specific grazing systems to vegetation have varied widely, even within a single grassland ecosystem (Krausman et al., 2009) .
Overstocking has been broadly implicated in the decline of many different wildlife populations (Fleischner, 1994) , but few studies have examined the effects of specialized grazing systems (Grosz and Kirby, 1986; Krausman et al., 2009) . Livestock can affect wildlife directly, such as through the trampling of nests, or indirectly, through effects on habitat structure and prey availability (Fleischner, 1994) . Many grassland species coevolved with large grazing animals, and different species of grassland birds, for example, require habitats along the entire structural gradient from relatively undisturbed vegetation to very short vegetation associated with heavy grazing (Samson and Knopf, 1996; Derner et al., 2009) . As a result, bird species diversity is often higher in grasslands managed for heterogeneity than in areas managed with traditional uniform grazing or fire disturbance (Coppedge et al., 2008) . Certain grazing regimes could therefore be useful management techniques to diversify habitats and provide a mosaic of patches in different stages of recovery from disturbance by livestock (Ryder, 1980; Fuhlendorf and Engle, 2001; Coppedge et al., 2008; Krausman et al., 2009) .
Sharp-tailed grouse (Tympanuchus phasianellus) are a model species to evaluate the effects of grazing management regimes on grassland wildlife. Habitat requirements of sharp-tailed grouse encompass the full range of vegetation structure, with short, bare areas used for lekking; denser, herbaceous cover for nesting; and thicker shrubs for winter cover and food (Derner et al., 2009) . As a result, prairie grouse (Tympanuchus spp.), including sharp-tailed grouse, are recognized as indicator species for grassland habitats, and, therefore, identifying appropriate grazing management strategies to conserve grouse populations could have implications for a suite of grassland species (Hillman and Jackson, 1973; Poiani et al., 2001; Roersma, 2001) .
Poor range management has been implicated in the decline of sharp-tailed grouse throughout North America (Johnsgard, 1983) , but the effects of specific grazing regimes on grouse populations have not been studied (Dettenmaier et al., 2017) . Therefore, a better understanding of the ecological impacts of different grazing systems is required to develop effective conservation strategies. Our objectives were to evaluate rest-rotation grazing as a conservation management technique compared with more traditional grazing systems, including summer rotation and season-long grazing, and assess the effects of different grazing systems and stocking rates on both nest site selection and nest survival of sharp-tailed grouse in the mixed-grass prairie. As ground-nesting birds, most reproductive losses of sharp-tailed grouse are caused by predation of nests and young, and vegetation conditions providing both protective and thermal cover are typically critical to nest survival (McNew et al., 2012; Hovick et al., 2014; McNew et al., 2014) . Grazing systems, such as rest-rotation, that periodically rest portions of the landscape from disturbance may result in heterogeneous habitat conditions that could improve overall reproductive success due to increased availability of vegetation cover for nesting. Therefore, we hypothesized that female sharp-tailed grouse would both select nest sites in pastures managed with rest-rotation grazing and experience higher rates of nest survival in those pastures if restrotation grazing created pasture-level differences in vegetation conditions.
Methods

Study Area
Our study was conducted in southern Richland and McKenzie Counties in eastern Montana and western North Dakota, respectively, during 2016e2018 (Fig. 1 ). The study area was primarily managed for cattle production and composed of Great Plains mixed-grass prairie interspersed with Great Plains badlands and wooded draws and ravines (LANDFIRE, 2013) . The vegetation was a mixture of mid and short grasses, with the dominant native graminoids including western wheatgrass (Pascopyrum smithii), little bluestem (Schizachyrium scoparium), needle-and-thread (Hesperostipa comata), and blue grama (Bouteloua gracilis), and non-native graminoids including Kentucky bluegrass (Poa pratensis) and crested wheatgrass (Agropyron cristatum).
The study area was centered on an~3 300-ha Upland Gamebird Enhancement Program (UGBEP) project established by the Montana Department of Fish, Wildlife, and Parks in 1993 that includes four separate three-pasture Hormay rest-rotation systems (Hormay and Evanko, 1958) . Within each three-pasture rest-rotation management unit, cattle were stocked in one pasture from MayeJuly in the first yr (growing season), then moved to the second pasture during AugusteOctober (post growing season), and the third pasture was rested. The order of rotation was then rotated the next yr so that no pasture was grazed during the same season in consecutive yrs and that pastures rested in the previous year theoretically should have the most residual cover. Average pasture size in the rest-rotation system was 292 ± 116 ha. Pastures of surrounding ranches, including both private land and four pastures located on US Forest Service National Grasslands, were managed with more commonly used livestock grazing systems, including both season-long systems (19 pastures,~4 800 ha) and 2-and 3pasture summer rotation systems (25 pastures,~5 200 ha). Seasonlong pastures allowed grazing from approximately May to early November, while summer rotation systems stocked cattle in the same pastures each yr for the same 6-to 8-wk period (zAp-rileJune, JuneeJuly, or AugeNov). Average pasture sizes in the season-long and summer rotation systems were 242 ± 312 ha and 238 ± 335 ha, respectively. Stocking rates were controlled by landowners and lessees, and averaged rates were 0.93 AUM ha À 1 , 1.46 AUM ha À 1 , and 0.76 AUM ha À 1 for rest-rotation, season-long, and summer rotation pastures, respectively. The range of stocking rates for grazed pastures was 0.38e3.25 AUM ha À 1 , 0.17e4.28 AUM ha À 1 , and 0.21e4.45 AUM ha À 1 for rest-rotation, season-long, and summer rotation pastures, respectively, and included similar distributions within each grazing system (see Appendix A). Environmental variables, including topography, average vegetation productivity, soil type, and vegetation canopy greenness as measured by the Normalized Difference Vegetation Index (NDVI) in June 2018, were similar among grazing systems (Table 1) .
Field Methods
We captured grouse during MarcheMay at 12 leks (5 in restrotation pastures, 3 in summer rotation pastures, and 4 in seasonlong pastures) using walk-in funnel traps. Females were fitted with VHF radiotransmitters (model A4050; Advanced Telemetry Systems, Isanti, MN). Radiomarked females were located by triangulation or homing ! 3 times/wk during the nesting period (AprileJuly). When females localized in an area, we assumed that the female was attending a nest. We used portable radio receivers and handheld Yagi antennas to locate and flush the female so that eggs could be counted and the nest location recorded with a handheld Global Positioning System unit. Nests were only approached under dry conditions, and observers wore rubber boots and walked in circles to avoid leaving a direct scent trail to the nest. Nests were subsequently approached after the female was located away from the nest for ! 2 d during incubation or ! 1 d after expected hatch date. Once the female departed the nest, we classified nest fate as successful (! 1 chick produced), failed, depredated, or abandoned on the basis of eggshell remains, predator sign, or female behavior. All animal handling was approved under Montana State University's Institutional Animal Care and Use Committee (Protocol 2016-01).
We evaluated habitat conditions at each nest site within 3 d of hatching or expected hatch date in the case of failure (Gibson et al., 2016) . We conducted parallel sampling at randomly selected points within a study area defined by a minimum convex polygon placed around the leks of capture and buffered to 2 km (Connelly et al., 1998) . Random points that fell within nonhabitat (i.e., water, cultivation, etc.) or were located on properties to which we did not have access were replaced. We recorded visual obstruction readings (VORs) at the nest bowl and at four points 6 m from the nest in each cardinal direction. At each point, VOR was measured in each cardinal direction from a distance of 2 m and a height of 0.5 m using a Robel pole (Robel et al., 1970; McNew et al., 2013) . We estimated nonoverlapping vegetation cover (percent new grass, residual grass, forbs, shrubs, bare ground, and litter) at 12 subsampling locations within 6 m of the nest following Daubenmire (1959) .
We also measured nest habitat at the home range scale (500 ha, based on estimated home range sizes of sharp-tailed grouse during the breeding season, M. C. Milligan, unpublished data). Landcover analyses utilized the 30-m resolution LANDFIRE data depicting vegetation type (LANDFIRE, 2013) . We used the Patch Analyst Extension in ArcMap to calculate the proportion of grassland, the density of edge habitat (total landcover edge length/polygon area), and mean shape complexity (MSI) within a 500-ha polygon centered on the nest or random point. Mean shape complexity is a measure of patch shape irregularity and is defined as the sum of each landcover patch's perimeter divided by the square root of each patch area and divided by the number of patches, such that it equals 1 when all patches are circular. We also digitized the locations of oil pads and roads that represented the major forms of disturbance in the study area and calculated the distance to the nearest oil pad or road from each point.
We gathered information on grazing management for every pasture in the study area by interviewing landowners to determine the number and class of animals stocked and the timing of stocking. We then calculated the following grazing management variables: grazing system (rest-rotation, summer rotation, season-long), stocking rate (AUM ha À 1 ), and stocking density during the nest attempt (AU ha À 1 ). Stocking rate is a measure of the number of animals in a grazing unit during the entire grazing season, whereas stocking density during the nest attempt is a relative index of cow use during the period when the nest was active. Analyses evaluated stocking rate from both the previous and current yr's grazing.
Statistical Analyses
Nest Site Selection
We examined habitat and management variables influencing nest site selection in separate analyses using resource selection functions (RSFs). Habitat variables were considered for their direct effect on nest site selection, while management variables were considered for potential indirect effects on vegetation structure as mediated through livestock grazing practices. Nests were considered used sites and, as we did not conduct searches for nests of unmarked grouse, random points were considered available following Design 2 of Manly et al. (2002) , where availability is defined at the population level. For each analysis, we used generalized linear mixed models with the logistic link function, a binomial error structure, and female ID as a random effect to account for potential autocorrelation. Before fitting models, we examined correlations for each pair of explanatory variables (r ! 0.6). If two variables were highly collinear, we used single-factor logistic regression to determine which variable accounted for more of the variation in the data. All preliminary analyses are reported in the appendices. Models were compared using AIC c , and model selection was based on both minimization of AIC c and AIC c weights (w i ). For the habitat-level analysis, we first evaluated underlying variables, variables at the nest-site scale, and variables at the homerange scale independently and built a final candidate model set that included variables supported at each scale. Underlying variables included yr, hen age, and nest attempt. Variables at the nest-site scale included VOR at the nest bowl and averaged within the 6-m radius plot, distance to grassland edge, and percentage of shrubs, new grass, residual grass, forbs, and bare ground. Different functional relationships with VOR were examined, including linear, quadratic and natural log models (i.e., pseudothreshold effects; Dugger et al., 2005; McNew et al., 2014) . Variables considered at the home-range scale included the proportion of grassland habitat, density of edge habitat, grassland shape complexity (MSI), and distance to oil pad, road, or lek. We then selected the most parsimonious models at each of the different spatial scales (nest-site and home range level) and assessed them in the final candidate model set. In the management-level analysis, we evaluated all combinations of the effects of grazing system and stocking rate. We also evaluated additive and interaction models with yr and either grazing system or stocking rate to assess whether a system-level effect was only apparent under certain annual conditions. Variables were considered significant if 85% confidence intervals did not overlap zero (Arnold, 2010) . Finally, we evaluated combinations of important variables from both the habitat-and management-level analyses into a final candidate model set to assess the relative importance of habitat and management variables. For the top RSF, we calculated the marginal and conditional R 2 to evaluate the total variance explained by the model (Nakagawa and Schielzeth, 2013) . We validated the top RSF with a reserved data set of 39 randomly selected nests sites and 39 random points (20% of data; Boyce et al., 2002) . The top model was used to calculate predicted RSF values for each nest in both the training and test data sets. Raw RSF values were placed in five quantile bins representing an increasing likelihood of a point being classified as a nest site. We regressed the proportion of nests from the test data set in each bin against the proportion of nests from the training data set in each bin and evaluated good model fit based on Johnson et al. (2006) .
Nest Survival
Nest success is defined as the probability of a nest producing ! 1 chick, whereas nest survival accounts for potential losses of nests before discovery (Dinsmore et al., 2002) . We constructed nest survival models for Program MARK using the RMARK package in Program R to calculate maximum likelihood estimates of daily nest survival and evaluate the effects of habitat conditions and management variables on daily nest survival during a 77-d nesting period from 28 April to 12 July (White and Burnham, 1999; Dinsmore et al., 2002; Laake, 2013) .
Similar to the nest site selection analysis, we evaluated models of daily nest survival at both the habitat and management levels and compared model sets using the criteria described earlier. For the habitat-level analysis, underlying effects included variables of nest attempt, female age, female condition, daily temperature, and three precipitation variables compared with a null model of constant daily nest survival (Goddard and Dawson, 2009) . Female condition was calculated by regressing body mass adjusted for capture date against the length of the wing chord using the reduced major axis method (Green, 2001) . We evaluated both daily precipitation with a 1-d time lag to examine potential increased predation after precipitation events (Lehman et al., 2008) and cumulative precipitation measures, including growing season precipitation from the previous yr (total precipitation from previous April to June) and available precipitation from that yr (total precipitation from October to May), to evaluate interannual differences in precipitation that could be driving variability in vegetation growth. We then selected the most parsimonious models at each of Table 2 Support for final candidate models evaluating sharp-tailed grouse nest site selection in 2016e2018 in the three analyses examining habitat-level variables, management-level variables, and the combined analysis. The number of parameters (K), AIC c values, DAIC c values, model weights (w i ), and log-likelihoods are reported. Visual obstruction reading (VOR) is visual obstruction as measured at the nest bowl and mean shape complexity (MSI) is a measure of patch shape irregularity and is defined as the sum of each landcover patch's perimeter divided by the square root of each patch area and divided by the number of patches, such that it equals 1 when all patches are circular. the different scales and assessed them in the final candidate model set using AIC c . The management-level analysis included all the models evaluated in the nest site selection analysis (described earlier), plus a model examining the effect of stocking density while the nest was active and additive models with stocking density, stocking rate, and yr. We then evaluated a final candidate model set with combinations of important variables from both the habitatand management-level analyses to assess the relative importance of each variable. We then subsetted the nest data and selected only nests occurring in rest-rotation pastures. We developed a separate set of candidate models to examine the effects of grazing variables on nests within the rest-rotation pastures and evaluate effects on nest survival of the different treatments within the system (grazed during the growing season, grazed post growing season, rested entire year). Analyses used the treatment from the previous yr's grazing season rather than the current yr because we were evaluating effects on nesting ecology as mediated through the effects of grazing on vegetation variables and the previous yr's treatment has the largest effect on the amount of residual cover available to nesting grouse the following yr.
Overall nest survival for precocial species is the probability that a nest will survive the entire nesting period, defined as the mean laying plus incubation interval for grouse at our study area (37 d). Variance of overall nest survival was estimated with the delta approximation method (Seber, 1982) . The average duration of the egg-laying and incubation periods (37 d) was determined from observations of our sample of successful nests and from previous work (Connelly et al., 1998 ).
Habitat Conditions
We tested the effects of grazing management on habitat conditions using generalized linear models. We restricted our analyses to habitat variables found to be important for grouse nest site selection and survival and tested the relationships between those variables and both grazing system and stocking rate (AUM ha À 1 ). We used generalized linear models with a gamma error structure to create a set of candidate models, and models were compared using AIC c ; models with large model weights (w i ) and AIC c values 2 from the best-fit model were considered equally parsimonious (Burnham et al., 2011) .
Results
Nest Site Selection
We located 188 grouse nests (147 first nests, 41 renesting attempts) laid by 128 individual females during 2016e2018. None of the underlying variables, including yr, female age, and nest attempt, improved model fit over the null model. Preliminary analyses suggested that visual obstruction at the nest bowl best predicted nest site selection and that a pseudothreshold model best represented the relationship between visual obstruction and nest site selection, so only models with the natural log transformation of nest VOR were included in analyses (see Appendix B). At the nest level, nest site selection was best predicted by VOR at the nest bowl and the percentage of new grass, residual grass, and shrubs (DAIC c ¼ 0, w i ¼ 0.61). At the home-range level, the model containing a measure of fragmentation (mean shape complexity or MSI) received the most support (DAIC c ¼ 0, w i ¼ 0.56). In the final candidate model set, the model that included VOR at the nest bowl, the percentage residual grass, and MSI received the most support (DAIC c ¼ 0, w i ¼ 0.61, Table 2 ). Confidence intervals for VOR, MSI, and proportion residual grass and shrubs did not overlap zero, suggesting significant effects (Fig. 2) . Percent cover of both residual grass (b ¼ 0.48 ± 0.17) and shrubs (b ¼ 0.33 ± 0.20) had small but Figure 2 . Estimated relative probability of nest site selection in relation to important habitat variables, with 85% confidence intervals shown in gray. Visual obstruction reading was measured at the nest bowl. positive effects on the relative probability of selection, while selection decreased with increasing fragmentation or MSI (b ¼ À0.50 ± 0.16). Visual obstruction at the nest bowl had the largest effect on the relative probability of selection (b ¼ 11.45 ± 1.31), with selection increasing up to a threshold of 20e30 cm (see Fig. 2 ).
In the management-level analysis, models containing the linear effect of stocking rate from the previous yr received the most support (w i ¼ 0.51, see Table 2) , with 85% confidence intervals that did not overlap zero. The relative probability of selection declined with increasing stocking rates (b ¼ À0.17 ± 0.10). However, in the full analysis, the model containing habitat variables (DAIC c ¼ 0, w i ¼ 0.58) outperformed models with management-level variables (see Table 2 ), with an evidence ratio for the model containing only habitat variables compared with the combined habitat and management model of 1.38. This suggests that grazing management was not an important predictor of nest site selection after controlling for other factors.
The marginal and conditional R 2 for the top model were both 0.97. Model validation based on linear regression suggested high predictive accuracy, with an intercept of 0 (95% confidence interval [CI]: À0.02e0.06), slope of 0.91 (95% CI: 0.76e1.06), and a high coefficient of determination (R 2 ¼ 0.87).
Nest Survival
Overall nest survival varied by yr and ranged from 0.29 ± 0.06 in 2016 to 0.48 ± 0.07 in 2018. Preliminary analyses suggested that visual obstruction averaged across the 6-m radius plot best predicted daily nest survival and that a pseudothreshold model best represented the relationship between visual obstruction and nest survival, so only models with the natural log transformation of average VOR were included in analyses (see Appendix C). At the nest level, VOR was in the top four models, accounting for 91% of the relative support of the data. Percentage forb, residual grass, and new grass in combination with VOR each received some support (DAIC c ¼ 0.50e1.83, w i ¼ 0.13e0.26) and so were examined in the final model set. At the home-range level, distance to road received the most support (DAIC c ¼ 0, w i ¼ 0.35) and proportion grassland marginally improved model fit compared with the null model (DAIC c ¼ 1.36, w i ¼ 0.18), so both variables were included in the final analysis. In the final candidate model set, the model that included VOR, percentage forbs, and proportion grassland received the most support (DAIC c ¼ 0, w i ¼ 0.43, Table 3 ). VOR was in all 12 top models, accounting for 100% of the relative support of the data, while proportion grassland accounted for 79% of relative support. Confidence intervals for VOR, proportion grassland, and distance to road did not overlap zero, indicating significant effects (Fig. 3) . Daily nest survival increased with proportion grassland (b ¼ 0.16 ± 0.10), distance to road (b ¼ 0.21 ± 0.11), and VOR up to a threshold of 20e30 cm, as represented by the pseudothreshold model (b ¼ 0.29 ± 0.11).
In the management-level analysis, stocking density while the nest was active was the best predictor of daily nest survival, accounting for 66% of the relative support of the data (see Table 3 ), with survival increasing with stocking density (b ¼ 0.30 ± 0.14, Table 3 Support for models predicting sharp-tailed grouse nest survival in 2016 À 2018 in the three analyses examining habitat-level variables, management-level analyses, and the combined analysis. The number of parameters (K), AIC c values, DAIC c values, model weights (w i ), and deviance are reported. Visual obstruction reading (VOR) is visual obstruction averaged across the 6-m radius vegetation plot. Fig. 4 ). Confidence intervals for stocking rate in both the current and previous yr overlapped zero (stocking rate in current yr: À 0.17e0.06; stocking rate in previous yr: À0.18e0.25), but there was also evidence for an effect of yr and rest-rotation grazing, with confidence intervals that did not overlap zero. Daily nest survival was higher in both 2017 (b ¼ 0.36 ± 0.25) and 2018 (b ¼ 0.73 ± 0.28) than in 2016 and was lower in rest-rotation pastures compared with season-long pastures (b ¼ À0.44 ± 0.27). Overall nest survival (± SE) was 0.48 ± 0.07 in season-long pastures, 0.38 ± 0.06 in summer rotation pastures, and 0.32 ± 0.06 in rest-rotation pastures (Fig. 5 ). In the full analysis, the model with the most support included VOR, proportion grassland, and stocking density while the nest was active (DAIC c ¼ 0, w i ¼ 0.90, see Table 3 ), with confidence intervals for all three variables not overlapping zero, suggesting significant effects. For nests within the rest-rotation system (n ¼ 57), there was no evidence for an effect of the timing of grazing (grazed during the growing season, grazed post growing season, or rested entire year) on nest survival (Table 4 ). Estimates of overall nest survival in the three treatments overlapped entirely (see Fig. 5 ).
Habitat Conditions
We evaluated the effects of management-level variables on VOR measured at the nest bowl and averaged within the 6-m radius plot because those were the most important variables in the nest site selection and nest survival analyses, respectively. Stocking rate best predicted VOR at the nest bowl (DAIC c ¼ 0, w i ¼ 0.45, Table 5 ) and had a negative effect (b ¼ À0.06 ± 0.02). An additive effect of grazing system and stocking rate was the best predictor of average VOR in the 6-m radius plot (DAIC c ¼ 0, w i ¼ 0.49, see Table 5 ). Stocking rate had a negative effect on average VOR (b ¼ À0.10 ± 0.03) and VOR was consistently lower in the rest-rotation system compared with either the season-long or summer rotation systems. However, variation in visual obstruction was larger within each grazing system than observed differences among systems (Fig. 6 ).
Discussion
Both nest site selection and nest survival were strongly associated with visual obstruction, an index of nest concealment and biomass (Robel et al., 1970) that is also related to thermal stress mitigation (Hovick et al., 2014) . Grazing system influenced visual obstruction, but variation within each grazing system was larger than differences among systems, suggesting that the rest-rotation system was not enhancing pasture-level heterogeneity relative to other grazing systems, with inherent landscape variability outweighing any effects of grazing system to influence heterogeneity at the spatial scale relevant to nesting grouse. However, stocking rate indirectly influenced nest survival through effects on visual obstruction, and stocking density while the nest was active improved nest survival, possibly due to the mitigating presence of cows or ranchers on nest predators.
Both nest site selection and nest survival were strongly influenced by vertical structure of vegetation cover and exhibited an asymptotic relationship with visual obstruction, with the relative probability of selection and daily survival increasing up to 20e30 cm. Previous studies have supported the strong effect of visual obstruction on nesting prairie grouse (Manzer and Hannon, 2005; Pitman et al., 2005; McNew et al., 2015) . Although results differ regarding the functional relationship between visual obstruction and nest survival, our work combined with previous studies suggests that a minimum of 20e30 cm of vertical cover within 6 m of the nest bowl is optimal for most prairie grouse.
We found that grazing system did not significantly influence nesting sharp-tailed grouse, but stocking rate had indirect effects on nesting ecology through impacts on vegetation cover. In the management-level analyses, stocking rate and grazing system influenced nest site selection and nest survival, respectively, but both were outweighed by the effects of small-scale habitat variables. Our analysis of the effects of grazing management on habitat conditions suggests that stocking rate can have a biologically meaningful influence on visual obstruction, while effects of grazing system were minimal, which concurs with previous reviews of rangeland management approaches (Briske et al., 2008; Briske et al., 2011) . Previous studies that found an effect of grazing management on nest site selection or nest survival have also either found a strong link between grazing variables and local habitat, including visual obstruction, or only evaluated grazing management without controlling for habitat variables (McNew et al., 2015; Kraft, 2016) . Our results are more consistent with a study in central Montana that found negligible effects of grazing management on vegetation variables and only weak effects on greater sage-grouse (Centrocercus urophasianus) nest survival (Smith et al., 2018a (Smith et al., , 2018b . Although we found evidence that stocking rate and grazing system influenced visual obstruction, differences among systems were relatively small, particularly compared with within-system variation. Furthermore, results were consistent across yrs, despite large differences in precipitation. Therefore, grazing system may be a relatively minor driver of heterogeneity in vertical cover in our study area, although stocking rates were moderate across the study area ( 2.0 AUM ha À 1 ), which could mediate responses from prairie grouse. Previous work has found that management practices that resembled historic disturbance regimes and focused on providing pasture-level heterogeneity in vegetation structure and composition are key to maintaining natural ecosystem processes and can improve reproductive success of ground-nesting birds like grouse (Fuhlendorf and Engle, 2004; McNew et al., 2015) . Similarly, restrotation grazing is thought to improve wildlife habitat by creating heterogeneity at the pasture scale (Frisina, 1991) , but our research suggests that it did not increase heterogeneity at a spatial scale relevant to nesting sharp-tailed grouse relative to other grazing systems. We found no evidence for a statistically meaningful difference in nest survival among the three treatments within the rest-rotation system, suggesting that it was not influencing pasture-level heterogeneity in the vegetation cover required by nesting grouse. At moderate stocking rates like those found in our study area ( 2.0 AUM ha À 1 ), the selective foraging of cattle can create a patchwork of small heavily grazed patches and ungrazed or lightly grazed patches within a single pasture (Bailey et al., 1998; Fuhlendorf and Engle, 2001) . Selective grazing by cattle stocked at moderate stocking rates in rangelands with inherent topographical and edaphic variation naturally creates significant vegetation heterogeneity within a pasture regardless of grazing system. We found strong evidence that grouse were selecting nest sites within their home ranges at a small spatial scale on the basis of vegetation cover at the nest bowl itself, which coincides better with patch-scale heterogeneity created by selective foraging than the larger-scale pasture-level heterogeneity potentially created by rest-rotation grazing.
While grazing system did not have a strong effect on nesting ecology as mediated through vegetation variables, we did find a direct relationship between stocking density while the nest was active and nest survival, which is inconsistent with previous research (Smith et al., 2018a) . Previous studies evaluating the effects of grazing management on grouse have either used indirect measures of cattle use such as dung pat surveys (Smith et al., 2018a) or focused on indirect impacts of grazing activity on vegetation and how that can affect nest survival, measuring stocking rates or densities for the entire grazing period rather than during the period while the nest was active (McNew et al., 2015; Kraft, 2016) . In contrast, our results suggest that having cow-calf pairs in a pasture while nests were active can have a positive effect on nest survival, potentially through an effect on predator behavior, which coincides with a study on greater sage-grouse in southeastern Montana (Foster et al., 2015) . Pastures in our study area were primarily stocked with cow-calf pairs, and previous research found that cows with calves are significantly more vigilant than those without calves, potentially resulting in behavior that causes predators to avoid pastures that have higher densities of cows (Kluever et al., 2008; Foster et al., 2015) . In addition, ranchers may spend more time checking pastures with more livestock, thus also acting as a deterrent to predators. However, stocking densities in our study area were relatively low ( 1.3 AU ha À 1 while nests were active) and the positive effect may not hold at higher stocking densities, where the positive benefits of cow presence could be offset by indirect negative effects on nesting cover.
Implications
Livestock grazing is a predominant land use worldwide and can have huge potential impacts on the ecosystem functioning of native grasslands (Fleischner, 1994; Boyd et al., 2014) . Furthermore, the majority of the remaining mixed-grass prairie is found on land managed for livestock production, so conservation strategies for grassland wildlife will necessitate appropriate grazing management strategies. Rest-rotation grazing was originally developed to promote the recovery of sensitive bunchgrass species in the Great Basin but could function conceptually as a conservation-focused management strategy to promote pasture-level heterogeneity (Hormay and Evanko, 1958; Frisina, 1991) . However, our results suggest that rest-rotation grazing did not increase pasture-level heterogeneity relative to other grazing systems or influence vegetation heterogeneity at a spatial scale relevant to nesting grouse in northern mixed-grass prairies. Both nest site selection and nest survival were strongly associated with vertical cover at a small grain size, and while grazing systems did create variation in visual obstruction, that variation was outweighed by natural variability across the landscape. The selective foraging of cattle likely contributed more to heterogeneity at a spatial scale relevant to nesting sharp-tailed grouse because females were selecting nest sites at a small spatial scale. However, caution should be exercised when extrapolating our results outside of the northern mixed-grass prairie. Previous research suggests that demographic responses of grouse can vary due to interactions between grazing management and primary productivity across large spatial scales (Monroe et al., 2017) . Therefore, nesting sharp-tailed grouse responses in regions with higher stocking rates or less inherent landscape variability may differ from those found in our study.
Our results suggest that management interventions such as alternative grazing strategies may not have significant benefits for sharp-tailed grouse productivity in the northern mixed-grass prairie. Where land is predominantly under private ownership, cropland conversion represents the most significant threat to grassland wildlife (Hoekstra et al., 2005; Stephens et al., 2008) . Therefore, economically viable ranching strategies with moderate stocking rates that keep native grasslands on the landscape should be prioritized over specific grazing management systems.
